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Abstract
THE DEVELOPMENT OF A DIIRON HYDROGENASE MIMIC CATALYST
FOR EFFICIENT DIHYDROGEN PRODUCTION
By
David Scott Danico
University of New Hampshire, May, 2017

Carbon dioxide has become an ever growing problem facing life on Earth
due to the theory that the increase in CO2 levels has been the leading cause of global
warming and could initiate significant climate change. Most of the CO 2 produced by
humans comes from the burning of fossil fuels for energy.

Because of this, the

development of a clean alternative fuel is a primary concern. Dihydrogen is looked at as
a possible alternative because it has already demonstrated the ability to produce energy
in fuel cells and could conceivably replace fossil fuels in every aspect of its use. The
main problem facing dihydrogen as an alternative fuel is hydrogen production. The
purpose of this research is to design a novel dihydrogen catalyst modeled after the active
site of [FeFe]-Hydrogenase.

Past research has shown that this enzyme can very

efficiently catalyze the forward reaction of protons and electrons to form dihydrogen.
Diiron cluster mimics were synthesized with a spectrum of clickable terminal alkene
bridgeheads with chain lengths ranging from 3 to 6 carbons for the purpose of attaching

ix

them to amorphous carbon surfaces. In addition, the effect of steric hindrance on the
diiron cluster bridgehead is being investigated. This was done by creating diiron cluster
mimics with the alkene chain attached to the carbon atom of the bridgehead as opposed
to the nitrogen. It is thought that reducing the steric hindrance around the nitrogen will
increase the rate of proton shuttling to the iron metal center thereby increasing the turn
over frequency. The synthetic routes to create these mimics were explored and the
products were characterized using 1H NMR,

13C

NMR, and IR spectroscopies. This

research provides the initial steps in designing a dihydrogen catalyst that can efficiently
generate hydrogen fuel.

x

Introduction

The Threat of Global Warming
Global warming is the observable, gradual change in climate that has
occurred since the mid-19th century.1 It is theorized that the increase in global
temperatures (Figure 1) will have severe consequences that will affect our daily life. In
addition to increases in temperature, these consequences include rising sea levels,
widening of deserts, and the changing of precipitation patterns.2 Also, it is expected to
cause increases in the frequency of extreme weather such as hurricanes, droughts, and
heavy snowfall.3,4 If these predictions do come to fruition, the negative consequences
would include the disappearance of coastal land masses,6 decreases in crop yield,3 and
changes in animal migration.2 Because of this, a significant amount of effort from the
scientific community is being put into preventing global warming from progressing and
curbing its negative effects.

Figure 1: Global Surface temperature average in relation to the 1951-1980
average temperatures. (Gray line = Annual Mean, Black Line = Five Year
Mean) 5
1

There is a general consensus
that the world is becoming warmer, but the
cause of this is still being studied. It is widely
theorized that the main cause of global
warming is from humans increasing the
amount of greenhouse gasses in the air
which include carbon dioxide, methane, and
nitrous oxide.7 In the United States, CO2 has Figure 2: 2014 US greenhouse gas
emissions.8
accounted for 81% of all greenhouse gasses
produced by human activities, most of which
is from the burning of fossil fuels for energy
(Figure 2-3).8 Carbon dioxide is a gas that
naturally occurs in the earth’s atmosphere
and is part of the carbon cycle, but with the
addition of CO2 from human activities, it has
become increasingly difficult for the
environment to compensate for this increase.

Figure 3: Areas of the US Production of
Carbon Dioxide.8

The carbon cycle relies on natural sinks, such
as plants, oceans, and bacteria that use photosynthesis, to absorb carbon dioxide from
the air but these sinks cannot compensate for the excess CO2.9 This causes the excess
CO2 to stay in the atmosphere and contribute to global warming.
The main source of carbon dioxide emissions comes from the burning of
fossil fuels and, therefore, it is necessary to reduce the consumption of fossil fuels to

2

mitigate climate change. This can be done in a few ways. The first is increasing energy
efficiency. The United States has undertaken many energy efficiency policies over the
past few decades that has greatly decreased the amount of energy consumed by the
public. The most notable being the Corporate Average Fuel Economy (CAFE)
standards in 1975 which resulted in a large increase in the fuel economy of cars and
light trucks.10 Next is simply reducing energy consumption. This can be accomplished
by turning off lights and electronics when not in use, reducing distance traveled in
personal vehicles, or switching to LED lightbulbs. Both of these steps will reduce the
consumption of fossil fuels, but will not remove the need for it. In order to greatly
reduce the amount of carbon dioxide produced by humans, a replacement for fossil
fuels is necessary.

Alternative Fuels

The rise in concern over climate change has caused an immediate need
for an alternative fuel. Common sources of alternative energy are wind, hydroelectric,
geothermal, and solar. These energy sources have been implemented because they’re
renewable and produce no harmful byproducts. Although these have all proven to
produce energy effectively, they all have inherent problems. Wind power is dependent
on the weather of the location and isn’t able to be used everywhere especially large
cities.11 Hydroelectric power plants change the surrounding habitat of its location and
has large initial cost that make it an unattractive alternative.12 Geothermal energy is
usually produced in remote areas far from where energy is needed and has a large
3

initial plant cost. In addition, there is also a chance of releasing harmful gasses when
harnessing this energy.13 Lastly, solar energy is dependent on the weather and solar
panels have a low efficiency.14 The disadvantages for these alternative energy sources
have prevented them from becoming more widely used.
Dihydrogen is looked at as a possible replacement for fossil fuels in every
aspect of its use. Dihydrogen is a zero emission fuel with the only byproduct being
water which makes it a very attractive alternative energy source. Figure 4 depicts the
reaction of turning dihydrogen into energy. Fuels cells have the ability to combine fuel
through electrotrochemical energy converters, in this case hydrogen and oxygen
gasses, with no immidiate steps inbetween.15 There are two main components of a fuel

Figure 4: Hydrogen Fuel Cell Reaction15
4

cell that make it work, the catalyst and the proton exchange membrane. The role of the
catalyst is to break the dihydrogen in to its electron and proton component parts. The
protons are able to pass through the membrane while the electrons are sent though a
circuit to provide energy. On the other side of the membrane, the electrons, after being
used for enegy, react with the protons and oxygen supplied from the air to create
water.16 The US department of Energy estimates the efficiency of fuel cells to be
between 40-60%.17 In comparison, an internal combustion engine of a car has an
efficiency of about 25%.18 Because of this high eficienc, fuels cells are an appealing
way to produce energy and have the ability to provide industrial, commercial, and
residential power, in addition to motor vehicles.
One of the main challenges of dihydrogen becoming a more widely used
alternative fuel is dihydrogen production. Dihydrogen does not occur naturally in large
amounts due to its low molecular weight but is stored in hydrocarbons and water. 19 The
goal is to be able to produce dihydrogen from these sources. The most common ways
of doing this are from steam reforming of hydrocarbons and electrolysis. Steam
refroming makes up over 90% of the dihydrogen produced today.20 Generally,
dihydrogen is produced this way by heating methane (~1000°C) in the presence of H2O.
This produces carbon
monoxide and dihydrogen. In
addition, the CO can be further
reacted with H2O in the
presence of a catalyst to

Figure 5: Steam Reforming Reactions. A) Steammethane reforming reaction. B) Water-gas shift
reaction

produce carbon dioxide and
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more dihdrogen (Figure 5).21 In addition to natural gas, steam reforming can be done
with multiple hydrocarbons such as oil,22 coal,23 ethanol,24 and methanol.25 Even
though this proccess does produce dihydrogen in large quantities, it also produces
carbon dioxide, the leading factor for global warming. Therefore, the use of this method
makes the dihydrogen produced not a clean alternative fuel.

Figure 6: Electrolysis of Water26
Electrolysis is the other major source of dihydrogen. It accounts for 4% of
the total dihydrogen production in the United States.27 This process involves applying a
voltage to water where the two electrodes are separated by a semipermeable
membrane (Figure 6). As the water separates, the oxygen ions are drawn to the anode
while the hydrogen ions are drawn to the cathode. Oxygen gas and hydrogen gas are
formed at these electrodes and bubble out of solution where they can be collected. The
6

most attractive aspect of electrolysis is that the energy needed for this process could be
collected from one of the previously mentioned alternative energies; solar, wind, and
hydroelectric. This would mean the energy generated could be stored in the way of
dihydrogen which could then be used for future energy.28 Unfortunately, there are some
drawbacks to water electrolysis. High production costs and low efficiency have
prevented it from being used on a larger scale. This process requires an energy input of
34 kWh/kg of hydrogen generation at full conversion efficiency but a normal electrolysis
apparatus needs 50 kWh to produce 1 kg of Hydrogen gas.29 This large energy input
makes electrolysis unappealing for industrial use.
There is a significant amount of research being done on the alternative
energy sources described in this section but they all have inherent problems. 30,31,32,33 In
addition, it is thought that a combination of these is required to meet the planet’s energy
needs. Dihydrogen is looked at as a possible all-encompassing solution to this
problem. It has already proven the ability to produce energy in fuel cells and is already
in the beginning stages of being implemented in vehicles.34 Hydrogen production is the
largest obstacle facing dihydrogen fuel and more research needs to be done in this
area. Steam reforming and electrolysis have been the major sources of dihydrogen but
there needs to be a new hydrogen source that is both energy efficient, and doesn’t
produce greenhouse gasses nor uses fossil fuels. Hydrogen catalysis is a relatively
new area of research that could solve this problem.

7

Hydrogenase

Hydrogenase is a naturally occurring enzyme that catalyzes the reversible
reduction of protons to dihydrogen at neutral pH and with mild reduction potentials (-0.4
V vs NHE) (Figure 7).35 This enzyme occurs in
micro-organisms for the purpose of either regulating
the number of protons present or producing needed

Figure 7: Reversible reaction
of protons to form dihydrogen

H2 molecules.36 There are four types of hydrogenase enzymes which are denoted by
the metal center of their active sites. They are [NiFe]-H2ase, [FeFe]-H2ase, [Fe-only]H2ase, and [NiFeSe]-H2ase (figure 8).37

B)

A)

D)

C)

Figure 8: Active sites of Hydrogenase. A) [FeFe]-H2ase, B) [NiFe]-H2ase,
C) [NiFeSe]-H2ase, D) [Fe-only]-H2ase.
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The [NiFe]-hydrogenases generally react to form protons from dihydrogen,
but has the added benefit of being more resistant to decomposition from O 2.38 The
structure of [NiFe] hydrogenase consists of the metal centers nickel and Iron that are
ligated by the high field ligands CO and CN and bridged by sulfur atoms. It is thought
that catalysis takes place at the nickel site but some theorize that it’s the iron that takes
part due to DFT calculations and dihydrogen’s affinity for low spin d6 metals.39,40
The [FeFe]-hydrogenase active site contains two iron metal centers and,
similar to the [NiFe]-hydrogenase, is ligated by the high field ligands CO and CN, in
addition to a disulfur bridge. Unlike the [NiFe], the bridgehead of the diiron active site
bridgehead contains an aza chain. This chain is theorized to be part of the catalytic
process by shuttling protons to the distal iron.41 Also unlike the [NiFe], [FeFe]hydrogenase more readily catalyzes the forward reaction to produce H2. The turn over
frequency of [FeFe]-hydrogenase from Clostridium acetobutylicum has been reported
as 10,000 s-1.42
The [NiFeSe]-hydrogenase is very similar to the [NiFe] hydrogenase
except for one of the ligands on the nitrogen atom is seleno-cysteine instead of a thiocysteine. This hydrogenase enzyme of Desulfomicrobium baculatum has shown a
greater ability to produce H2 compared to any [NiFe]-hydrogenase. Unfortunately, this
enzyme will become inactive in the presence of O2 but can also be reactivated.43 In
addition, it has shown less reaction inhibition from the H2 product which is another area
the [NiFe]-hydrogenase struggles.44 In terms of H2 production, the selenium derivative
significantly outperforms the [NiFe]-hydrogenase.
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The [Fe]-Hydrogenase is considerably different from the previously
mentioned active sites. The structure contains only one Fe metal center that is ligated
by carbonyl ligands, a sulfur-cysteine, a sp2-pyridinol nitrogen, and an acyl-carbon.45
Unlike the other enzymes, [Fe]-hydrogenase does not oxidize H2. Instead it functions to
reversibly reduce methenyltetrahydromethanopterin to
methylenetetrahydromethanopterin (methylene-H4MPT). This enzyme also has the
ability to catalyze the removal of H2 from methylene-H4MPT.46
All together there are about 450 different hydrogenases that differ in size,
quaternary structure, electron donors, acceptors, etc., but can all be put into the
subgroups described.47 The majority of the research done today is on the [FeFe] and
[NiFe] hydrogenases where the [FeFe]-hydrogenase is used for the catalytic production
of H2 research and [NiFe]-hydrogenase is used for H2 activation research.48 Platinum,
an extremely expensive and rare metal, is used in fuel cells as the catalyst to separate
dihydrogen.49 The [NiFe]-hydrogenase research could lead to a cheap replacement for
platinum that would make fuel cells significantly more attractive for energy generation.
[FeFe]-hydrogenase research could lead to the development of a proton reduction
catalyst which would replace steam reforming and electrolysis as the primary ways of
generating hydrogen fuel.50 Advances in this field would make hydrogen fuel more
appealing and a hydrogen economy more feasible.

10

[FeFe]-Hydrogenase Mimic Catalyst Literature

Often times scientist look towards nature to find inspiration when
attempting to develop a new technology. In this case, the active site of [FeFe]hydrogenase is being investigated in order to create a new dihydrogen catalyst. As
previously stated, the active site of this enzyme has a diiron cluster ligated by high field
CO and CN ligands and an azadithiolate bridgehead. By mimicking this active site, it is
possible to create a catalyst that can efficiently produce dihydrogen. Presently, the
diiron cluster mimics that have been produced fall short of the dihydrogen output of the
native enzyme.51,52,53 Despite the low turnover numbers (TON), the previous research
done on [FeFe] mimics gives insight into the characteristics that could benefit diiron
cluster mimics in the future.
One of the most important aspects of creating a diiron mimic catalyst is
stability. Research has shown that immobilizing the diiron cluster has resulted in higher
TON with the rational that it
stabilizes the cluster. Li, et al. has
designed a diiron cluster mimic that
was attached to an MCM-41 sieve
and, through hydrogen production
studies, discovered that
immobilizing their cluster on this
sieve produced more favorable
TON (Figure

9).54

This data shows

Figure 9: Hydrogen production reaction data for
immobilized cluster (Ps-Hy@MCM-41) and free
cluster (Ps-Hy).54

that not only does the cluster
11

produce a higher TON, but lasts twice as long as the diiron cluster free in solution. In
addition to the MCM-41 sieve, researchers have seen positive results immobilizing their
diiron cluster using peptides,55 carbon nanotubes,56 and metal surfaces.57
An important part of the catalytic process of the diiron cluster is the need
for an electron source. During the catalytic cycle, the active site needs two equivalents
of e- in order to create 1 equivalent of H2.58 These electrons are provided by the [Fe4S4]
cubane subunit. Rauchfuss and coworkers were able to substitute this subunit for a
ferrocenium ligand which was able to provide the necessary electrons (Figure 10).59
Even though this catalyst only
produced 3.3 eq of H2, it does indicate
that the [Fe4S4] cubane structure can
be replaced by another electron donor.
The use of light to
provide the catalyst with the energy it
needs is desirable due to light
essentially being free energy. This is

Figure 10: Diiron Cluster mimic with
ferrocenium ligand developed by Rauchfuss
and coworkers. X=H and Y= CO.59

done by incorporating a
photosensitizer on the catalyst. Li and coworkers were able to accomplish this by
creating a dendritic diiron cluster with ruthenium photesensitizers branching out (Figure
11).60 A TON of 229 was produced for this catalyst. Along with the diiron cluster and
photosensitizers, a sacrificial electron donor and a light source were used to produce
H2. In addition to demonstrating the possibility of incorporating photosensitizers onto
diiron cluster mimics, their data indicated that excluding one part of the catalytic system
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would yield no product, which highlights the importance of incorporating each aspect of
the system to generate catalytic activity.

Figure 11: Dendritic diiron cluster mimic developed by Li
and coworkers.60

Another important aspect of the [FeFe]-hydrogenase active site is the
bridgehead. It is thought that the bridgehead takes part in the catalytic cycle by
shuttling protons to the distal iron where dihydrogen production takes place.41 To work
out the most beneficial pendent bridgehead for diiron cluster mimics, Berggren and
Esmieu compared the catalytic activity of dihydrogen clusters with azadithiolate (adt)
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bridgeheads with that of diiron clusters with propylenedithiolate (pdt) bridgeheads.61
They were able to obtain a TON of 41 for the adt bridgehead whereas the pdt
bridgehead diiron cluster produced no catalytic activity. In addition, a comparison was
made between the adt bridgehead and an oxadithiolate (odt) bridgehead by Rauchfuss
and coworkers.62 This research looked into the ability of the bridgeheads to create a
terminal hydride ligand on the iron metal center using different strengths of acids. It was
found that, although both bridgeheads were able to accomplish this, only the adt
bridgehead was able to create the terminal hydride ligand with weaker acids (pK CD2Cl2 =
5.7). This is important because weaker acids need lower overpotentials which is
beneficial for hydrogen production.63 The research done on the different bridgeheads on
diiron cluster mimics shows the importance of incorporating an azadithiolate bridgehead
on future diiron cluster mimic catalysts.
The research presented in this section has identified some of the
important characteristics that could benefit diiron cluster mimic catalysts in the future.
These characteristics include attaching an electron donor to the cluster to provide the
necessary electrons for catalysis. Moreover, this electron donor could be a
photosensitizer that uses light energy to provide electrons. Immobilization of the diiron
cluster data has shown increased TON and reaction time compared to diiron clusters
free in solution. Lastly, research has been done showing the importance of the
azadithiolate bridgeheads to help catalysis compared to the propylenedithiolate and
oxadithiolate bridgeheads. With these in mind, a [FeFe]-hydrogenase mimic catalyst
can be created that can more efficiently produce dihydrogen.

14

Design of the [FeFe]-Hydrogenase Mimic Catalyst

The purpose of this research is to develop a dihydrogen catalyst modeled
after the active site of [FeFe]-hydrogenase. The first step in this process is designing
the diiron cluster. The most simple and well researched diiron cluster to date is the
azadithiolate diiron cluster with a variety of pendent amine bridgeheads. 64,65,66 The allyl
azadithiolate diiron cluster synthesis was first elucidated by Rauchfuss and coworkers in
2001 and is the basis of much of this research.67 The synthesis of this mimic is
relatively simple and the structure is very comparable to that of the native enzyme, both
having two iron metal centers ligated by high field ligands and an azadithiolate
bridgehead (Figure 12). This makes it an obvious starting point for designing this new
catalyst.
This cluster was synthesized with a spectrum of terminal alkene chain
lengths. The purpose of these alkene chains is to take part in click chemistry to attach
the diiron cluster mimic to an amorphous carbon surface (sp2/sp3).68 This is done by
irradiating light on the carbon surface which causes an electron to be ejected. This

A)

B)

Figure 12: A) Active Site of [FeFe]-Hydrogenase. B) Ally
functionalized diiron cluster mimic
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initiates a radical reaction with the terminal alkene depositing electron density into the
electron sink to form a new bond. Pazicni et al. showed that the diiron cluster is able to
take part in radical reactions without decomposing by using thiol-ene click chemistry to
attach a diiron cluster mimic to a single chain polymer.69 There are multiple benefits to
attaching the diiron cluster to this surface. The first is that it immobilizes the diiron
cluster and this, as previously stated, could help the diiron cluster’s stability and
produce higher dihydrogen yields. The second is that, because the amorphous carbon
surface has shown the ability to eject electrons upon the irradiation of light, it could have
the ability to donate the necessary electrons to the diiron cluster which eliminates the
need for incorporating a photosensitizer.70 This helps simplify the system and the
synthesis of the diiron cluster. In addition, the use of light to promote hydrogen
production makes this catalytic system that much more attractive because light is
essentially free energy which would be stored in the way of hydrogen fuel.
Furthermore, the amorphous carbon surface can be used as an electrode in
electrochemical catalysis providing another avenue for dihydrogen production.71 Lastly,
the amorphous surface can easily be functionalized.72 [FeFe]-hydrogenase encases the
active site in a hydrophobic pocket inside the enzyme. By functionalizing the surface
with hydrophobic chains surrounding the diiron cluster mimic, an environment can be
created similar to that of the native enzyme.73
After the attachment of the diiron cluster to the amorphous carbon surface,
it is important to ascertain if the catalyst is working properly. This is the purpose of
synthesizing clusters with a range of terminal alkene lengths. Once attached, kinetic

16

experiments on the electron tunneling (the electron being ejected from the carbon
surface and traveling though the antibonding sigma orbitals of the chain to the diiron

hv
e

-

hv

Figure 13: Attachment of diiron cluster to amorphous carbon surface and electron
tunneling. (n = 1-4)

cluster) can be conducted (Figure 13). The alkane chain acts as a spacer between the
surface and the diiron cluster and the rate of electron tunneling can be measured over
this distance. This data can now be
compared to that predicted by the
Simmons equation.74 The Simmons
equations is a quantum mechanical tool
used to predict the behavior of electron
tunneling and, if the kinetic experiments
match up with what is predicted, the
system can be considered working
properly.

Figure 14: Azadithiolate diiron cluster with
decreased steric hindrance on the amine
17

In addition to creating this diiron cluster catalyst, this research is also
looking into the effects of the pendent amine bridge. As previously stated, this
bridgehead is thought to act as a proton shuttle which greatly increases catalytic
activity. Currently, the effect of bridgehead steric hindrance has not been investigated.
It is theorized that decreasing the steric bulk on the amine will increase the rate of
proton shuttling thereby increasing turn over frequency. To test this theory, diiron
clusters can be synthesized with terminal alkene azadithiolate bridgeheads with the
alkene chain not bound to the nitrogen atom but to the adjacent carbon (Figure 14).
Once synthesized, this cluster can undergo hydrogen production reactions and that data
can be compared to the data collected for its N-diiron cluster counterpart. This will bring
to light the effects of steric hindrance on the diiron cluster bridgehead.
This thesis will discuss the target diiron cluster mimics (Figure 15) and the
synthetic approaches to create them. In addition, the characterization of these mimics
will also be examined.

18

Figure 15: The target diiron cluster mimics. (top row,
from left to right) N-allyl azadithiolate diiron cluster,
N-buten azadithiolate diiron cluster, N-penten
azadithiolate diiron cluster. (second row, from left to
right) N-hexen azadithiolate diiron cluster, dimethyl
azadithiolate diiron cluster, methyl azadithiolate
diiron cluster. (third row, from left to right) diallyl
azadithiolate diiron cluster, allyl azadithiolate diiton
cluster, dibuten azadithiolate diiron cluster. (fourth
row) buten azadithiolate diiron cluster
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Results and Discussion

Objective
This thesis is dedicated to the synthetic aspect of creating a dihydrogen
catalyst modeled after the active site of [FeFe]-hydrogenase. In addition, the synthetic
routes for the starting materials needed to create these diiron cluster mimics were
investigated. Each of the reactions attempted will be gone over in detail and the results
of which will be discussed. The ultimate goal of this project is to develop an efficient
dihydrogen catalyst and this research provides the initial steps required to accomplish
this goal.
N-Azadithiolate Diiron Cluster Mimic

(1)

R= -CH2-CH=CH2 (2)
-CH2-CH2-CH=CH2 (3)
-CH2-CH2- CH2-CH=CH2 (4)
-CH2-CH2- CH2-CH2-CH=CH2 (5)

Scheme 1: N-Azadithiolate Diiron cluster mimic synthesis
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The diiron cluster mimic has been successfully synthesized with terminal
alkene chain lengths of 3 to 6 carbon atoms long using Scheme 1.67 This is a two-step
process with iron pentacarbonyl and elemental sodium as the starting materials. First a
carbonyl ligand dissociates from two iron pentacarbonyl compounds and the iron atoms
dimerize. Upon the addition of elemental sulfur, the disulfur bridge forms (1). This is
reacted for 6 minutes before hexanes, water and ammonium carbonate are added.
After 6 minutes the visible carbon monoxide gas bubbles begin to slow and ammonium
carbonate is added to quench the reaction to try to limit the formation of the trimer and
maximize the product. Lithium triethylborohydride and triflouroacetic acid are then used
to protonate the sulfur atoms. In a separate reaction, the terminal alkene amine is
reacted with 2 equivalents of formaldehyde to create the bishemiaminal precursor
compound. Lastly, the addition of the dithiolato diiron precursor cluster affords the Nazadithiolate diiron cluster with the desired alkene chain length (2-5). To increase the
reaction yield, dry THF solvent was used because water is a byproduct of this reaction
and dry solvent helps limit the amount of water in solution and pushes the equilibrium to
the product.
These compounds were characterized through 1H and 13C NMR
spectroscopy all of which resulted in the expected peaks and shifts. These included a
doublet of doublet of triplets at ~5.7 ppm which was integrated to 1H and a multiplet at
~5.0 ppm which was integrated to 2H which are characteristic of a terminal alkene and a
singlet at ~3.4 ppm that was integrated to 4H representing the protons on the
azadithiolate bridge. Aliphatic peaks can be seen ranging from 2.0-3.2 ppm with the
expected splitting and integration depending on the alkene chain length. The 13C NMR
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spectrum also had the characteristic peaks for the clusters. In addition, these
compounds where characterized by Infrared (IR) spectroscopy resulting in similar
carbonyl stretches of ~1950, ~2025, and ~2070 cm-1.
Unfortunately, The NMR spectra for the diiron clusters synthesized
contained large hexanes impurity peaks at 1-2 ppm which, in the case of N-hexen
azadithiolate diiron cluster, actually obscured some of the aliphatic proton peaks. To
determine if these aliphatic peaks where under the hexanes impurities, a COSY NMR
spectrum was obtained (Figure 16). The peaks in this spectrum representing protons B
and E are observed to be coupling with peaks under the hexanes impurity peaks at
about 1.2 ppm. This is direct evidence that the missing aliphatic peaks are being
obscured in this region. The 13C NMR spectrum also showed peaks representing all the

Figure 16: COSY spectrum of n-hexen-azadithiolate diiron cluster
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carbon atoms of this compound. The yield of these reactions were from 50-70% yield.
One way that this could be increased is by adding a drying agent to the reaction flask to
further remove the water byproduct.
After characterizing the synthesized compounds it was determined that
the reactions were successful and these diiron clusters can now be attached to the
amorphous carbon surface and hydrogen production reactions can be completed.

4-Penten-1-Amine
Hydroboration of Terminal Alkyne

Scheme 2: Hydroboration of 4-pentyn-1-amine

The lack of a good commercial source for the 4-penten-1-amine starting
material required it to be synthesized to be used in the n-azadithiolate diiron cluster
reactions. The hydroboration of alkynes using catechol borane is well established in the
literature as being able reduce alkynes to alkenes without the further reduction to an
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alkane.75,76,77 This seemed advantageous due to these reactions reporting high yields.
Catechol borane was reacted with 4-pentyn-1-amine at 70°C which produced a milky
white solution, then glacial acetic acid was added at 100°C which produced a pale
yellow solution (Scheme 2). These color changes are characteristic of the reactions
found in the literature. Right after cooling the solution to RT, it began to turn black. After
attempts to purify this with TLC, silica gel flash column chromatography, and distillation,
no product was produced. After distillation, the solution turned into a hard, insoluble
black solid. It is believed that these reagents further reacted to produce an
amine/catechol borane adduct. This is because nitrogen and boron compounds tend to
form strong Lewis acid/base pairs when not sterically hindered.78 Unfortunately, this
black solid was not able to dissolve in NMR solvents and this theory could not be tested
spectroscopically.
Hydroboration of Boc Protected 4-Pentyn-1-Amine

(6)

Scheme 3: Boc protection and hydroboration of 4-pentyn-1-amine
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In an effort to investigate any interactions between the nitrogen and boron
atoms and to try and prevent these interactions, a Boc protecting group was added to
the amine before hydroboration (Scheme 3). The Boc anhydride protecting group was
succesfully added to the amine (6) and a 1H NMR spectrum was taken showing the
expected peaks.79 After, the hydroboration reaction was repeated using catechol
borane. This reaction yielded similar results with the production of the hard, insoluble
black solid. Interestingly, after the glacial acetic acid reaction and cooling down of the
reaction flask, the black product took about 15 mins to be produced as opposed to the
unprotected amine that produced the black product almost immediately. This reaction is
evidence that the nitrogen and boron atoms are interacting to form an adduct byproduct
which inhibited the desired 4-penten-1-amine product from being synthesized.
Alkylation of Ammonia with 4-Penten-1-ol

(7)

(8)

Scheme 4: Alkylation of ammonia with 4-penten-1-ol

Due to difficulties synthesizing 4-penten-1-amine through the
hydroboration route, a new course was taken. It was discovered that alcohols can be
transformed into amines using mesyl chloride (scheme 4).80 The first step of this
reaction involved the addition of mesyl chloride onto the alcohol group then the
trimethylamine deprotonates the alcohol resulting in (7). Triethylamine is used in this
case to help speed up the reaction by removing the HCl byproduct. Once the
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mesylated alcohol is formed, 30% ammonia solution was introduced to act as the
nucleophile and replace the mesyl alcohol group on the alkene to produce the desired
product (8).
After the synthesis of the mesylated complex (7), a 1H NMR spectrum was
taken showing a singlet at 3.01ppm that was integrated to 3H, representative of the
mesyl group protons. In addition, the peaks representing the terminal pentene chain
were observed. Upon the addition of ammonia, the 1H NMR spectrum showed a
disappearance of the mesyl peak and the appearance of a singlet at 2.18 ppm that was
integrated to 2H, representing the amine protons. Additionally, the 13C NMR spectrum
for each of the products displayed their characteristic peaks and are in good agreement
with the literature. This reaction resulted in a 55% yield and the product was able to be
used in the N-penten-azadithiolate diiron cluster reaction.

Synthesis of Diiron Clusters with decreased Amine Steric Hindrance

This section goes over the steps taken to synthesize diiron clusters with
reduced steric hindrance on the pendent amine. The strategy taken to accomplish this
is to use the previously mentioned N-azadithiolate diiron cluster reaction but perform it
using ammonium carbonate and an aldehyde with the desired alkane/alkene chain
length instead of an alkene amine to create the necessary bishemiaminal bridgehead.
The following reactions were completed in chronological order starting with the simplest
aldehyde, acetaldehyde, then moving to the creation of clickable alkene diiron clusters
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Bismethyl Azadithiolate FeFe Cluster

(9)
Scheme 5: Synthesis of Bismethyl Azadithiolate Diiron Cluster

In order to test the concept of using a more sterically hindered aldehyde
than formaldehyde for the diiron cluster reaction previously mentioned, acetaldehyde
was used. This was performed in the same fashion as scheme 1, except ammonium
carbonate was reacted with 2 equivalents of acetaldehyde for one hour to get the
dimethyl bishemiaminal. To this, the diiron cluster precursor (1) was added to form
bismethyl azadithiolate diiron cluster (9) (Scheme 5).81
The 1H NMR spectrum of this molecule displayed a doublet at 1.36 ppm
that was integrated to 3H representing the methyl protons and a six peak multiplet at
3.52 ppm which was integrated to 1H representing the bridge protons. This six peak
multiplet is the result of overlapping quartets which is evidence that both enantiomers
where synthesized during this reaction.82 In addition, two peaks 57.27 ppm and 26.76
ppm were observed in the 13C NMR spectrum which are characteristic of this
compound. Even though the yield was only 28%, this reaction is evidence the diiron
cluster synthesis is able to function with aldehydes that are more sterically hindered
than formaldehyde.
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Methyl Azadithiolate Diiron Cluster Mimic

(10)

Scheme 6: Synthesis of Methyl Azadithiolate Diiron Cluster

The synthesis to produce the asymmetric methyl azadithiolate diiron
cluster was accomplished by reacting ammonium carbonate with 1 equivalent of
acetaldehyde and 1 equivalent of formaldehyde to get the asymmetric methyl
bishemiaminal. Then, upon the addition of the diiron cluster precursor (1), the desired
product was obtained (Scheme 6). The acetaldehyde was reacted with the ammonium
carbonate for 1 hour before formaldehyde was added and reacted for an additional
hour. The reasoning for this is that, when the acetaldehyde is added to the ammonia, it
provides slightly more steric hindrance so that a second acetaldehyde would be less
likely to be added to the same nitrogen. This was done in an effort to maximize the
formation of the asymmetric bishemiaminal. As expected there where three products
that formed from this reaction; the azadithiolate diiron cluster, the bismethyl
azadithiolate diiron cluster, and the methyl azadithiolate diiron cluster (10) (Scheme 6).
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These three clusters can be differentiated by the splitting patters of the peaks between
3 and 4.5 ppm of the 1H NMR spectrum that represent the protons on the bridgehead of
the diiron cluster (Figure 17). The azadithiolate diiron cluster has a very broad peak at
~3.6 ppm that was integrated to 4H. The dimethyl azadithiolate diiron cluster has a six
peak multiplet at ~3.5 ppm that was integrated to 2H. Lastly the methyl
azadithiolatediiron cluster has two peaks; a triplet at ~3.5 ppm which was integrated to
2H and a doublet of doublets at 3.9 ppm that was integrated to to 1H. Therefore, when
working out which diiron cluster was synthesized, these are the peaks that need to be
examined.

B)

A)

Figure 17: 1H NMR peaks
representing the bridgehead protons.
A) Azadithiolate Diiron Cluster; B)
Dimethyl Azadithiolate Diiron Cluster;
C) Methyl Azadithiolate Diiron Cluster

C)
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Another important thing about this reaction is the ratio of the products
obtained. The desired product, methyl azadithiolate diiron cluster, had a yield of 46%
with a ratio of 1.75: 1.0: 0.1 (Methyl azadithiolate: bismethyl azadithiolate:
Azadithiolate). This result was encouraging for reactions going forward where the
desired product was a mono substituted bridgehead diiron cluster.

Swern Oxidation of Terminal Alkene Primary Alcohols

The next step in this process was to synthesize a clickable diiron cluster
with decreased amine bridgehead steric hindrance. The bisallyl azadithiolate diiron
cluster was attempted first. Unfortunately, the aldehyde starting materials needed for
this type of reaction were not commercially available and needed to be synthesized. A
common way of creating an aldehyde is using a Swern oxidation to oxidize an alcohol.83
This was used in an attempt to create the 3-butenal needed for the reaction (Scheme
7).

(11)
Scheme 7: Swern oxidation of 3-buten-1-ol
The first step of this reaction is the combination of the DMSO and oxalyl
chloride at -78°C to give an alkoxysulphonium ion. This then reacts with the alcohol to
give a sulfur ylide and, upon the addition of trimethylamine, this structure undertakes an
30

intramolecular deprotonation via a five-membered ring transition state which produces
the desired product (11) and dimethyl sulfide.

Figure 18: 1H NMR of 3-butenal

With the reaction completed, a 1H NMR (Figure 18) was taken of the
product. At first glance, this NMR spectrum indicated that the desired product was
synthesized showing the correct number of peaks in the general location that one would
expect. But under further investigation, this peak splitting does not match with the
literature. The peak at 9.5 ppm should be a triplet and the peaks between 6 and 5 ppm
do not match with what would be expected with a terminal alkene. These peaks are
more indicative of an internal alkene. It is thought that during the Swern oxidation, the
product isomerized to 2-butanal. At the time, it wasn’t certain that this was the case so
the bisallyl azadithiolate diiron cluster reaction was attempted (Scheme 8). This was
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done in the same fashion as the dimethyl azadithiolate diiron cluster reaction.
Unfortunately, no product was obtained from this synthesis.

(12)
Scheme 8: Synthesis of Bisallyl Azadithiolate Diiron Cluster

Even though 4-pentenal is available commercially, the Swern oxidation
was attempted on 4-pentenol. Doing this was an attempt to figure out if the Swern
oxidation is inherently problematic for 3-butenol or if there was a problem with the
execution of this method. A new reference for the Swern oxidation was discovered with
slight changes to the procedure. First the reaction time was increased and second,
instead of quickly increasing the temperature to 0°C, the temperature was slowly
increased over a 3 hour period.84 These changes were made to the original procedure
and attempted on 4-pentenol.

0C

(13)
Scheme 9: Swern Oxidation of 4-Pentenol
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This reaction was completed in the same fashion as the Swern oxidation
of 3-butenol except with the previously described changes. DMSO and oxalyl chloride
are combined at -78°C to give an alkoxysulphonium ion. This then reacts with the
alcohol to give a sulfur ylide and, upon the addition of trimethylamine, the temperature
was slowly increased to 0°C over a three hour period which causes this structure to
undertake an intramolecular deprotonation via a five-membered ring transition state.
This produced the desired product (13) and dimethyl sulfide (Scheme 9).
Once this reaction was complete, a 1H NMR spectrum was taken. This
showed a triplet at 9.75 ppm which was integrated to 1H representing the aldehyde
proton, and peaks representing the terminal alkene which were a doublet of doublet of
triplets that was integrated to 1H at 5.80 ppm and a multiplet that was integrated to 2H
at 5.01 ppm. These peaks were in good agreement with the literature values. In
addition, a 13C NMR spectrum was taken displaying the peaks expected for this
compound.
With the changes made to the Swern oxidation giving the desired product
with 4-pentenol, the Swern oxidation was reattempted for 3-butenal. This reaction
provided identical results. This leads to the conclusion that there are inherent problems
using the Swern oxidation reaction for 3-butenol. More research needs to be done on
the synthesis to create 3-butenal.

Bisbuten Azadithiolate Diiron Cluster
Once 4-pentenal was synthesized, it was used as the starting material for
the diiron cluster reaction. This was done in the same fashion as the methyl
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azadithiolate diiron cluster, with first synthesizing the disubstituted bridgehead in order
to investigate if this reaction would work for a much more sterically hindered aldehyde
then synthesizing the asymmetric monosubstituted bridgehead diiron cluster.

(14)
Scheme 10: Synthesis of Bisbuten Azadithiolate Diiron Cluster

To start, ammonium carbonate was reacted with 2 equivalents 4-pentenal.
This resulted in the bisbuten bishemiaminal precursor which, upon the addition of the
diiron precursor (1), resulted in the desired product of bisbuten azadithiolate diiron
cluster (14) with a 69% yield (Scheme 10). After completion, a 1H NMR spectrum was
taken showing the expected peaks which include a doublet of doublets of triplets at 5.74
ppm which was integrated to 1H and a multiplet at 5.02 ppm which was integrated to 2H
representing the alkene protons. One of the aliphatic peaks was obscured by hexanes
impurities but the carbon these protons were bonded to was identified through

13C

NMR. In addition, the protons on the bridgehead where identified as a multiplet at 3.39
ppm which was integrated to 1H. This is evidence that this type of reaction is able to
work with much more sterically hindered aldehydes.

34

Buten Azadithiolate Diiron Cluster

(15)
Scheme 11: Synthesis of Buten Azadithiolate Diiron Cluster

The synthesis of the asymmetric buten azadithiolate diiron cluster was
completed in the same fashion as the methyl azadithiolate diiron cluster where
ammonium carbonate was combined with one equivalent of 4-pentenal and stirred for
one hour then 1 equivalent of formaldehyde was added and left to stir for an additional
hour. This created the asymmetric buten bishemiaminal that, when introduced to the
diiron cluster precursor (1), formed the desired product, buten azadithiolate diiron
cluster (15) with a 50% yield (Scheme 11). Once synthesized, a 1H NMR spectrum was
collected showing the characteristic peak splitting and shifts for this compound. Like the
bisbuten azadithiolate diiron cluster, one of the aliphatic peaks was obscured by
hexanes impurities. The carbon those protons are bound to was also identified through
13C

NMR.
Similar to the methyl and dimethyl azadithiolate diiron clusters, the buten

azadithiolate can be differentiated from the bisbuten bridgehead by comparing the
peaks between 4.5 and 3.0 ppm (figure 19). The bisbuten azadithiolate diiron cluster
has one multiplet at about 3.40 ppm that was integrated to 1H. The buten azadithiolate
diiron cluster has two peaks in this region; one being a triplet that was integrated to 2H
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and a multiplet that was integrated to 1H. By looking at these peaks, one can
differentiate the mixture of products that are created during this reaction.

B)

A)

Figure 19: 1H peaks of the buten and bisbuten diiron cluster bridgehead. A) Bisbuten
Azadithiolate Diiron Cluster. B) Buten Azadithiolate Diiron Cluster

Conclusion
In conclusion, the synthetic routes to make clickable N-azadithiolate diiron
clusters with a spectrum of terminal alkenes was completed. Additionally, the synthetic
route for the amine starting materials for these reactions was elucidated. These
clusters can now be attached to amorphous carbon surfaces and hydrogen production
reactions can be completed. Lastly, diiron clusters were synthesized with terminal
alkene chains attached to the carbon atom of the pendent amine bridgehead and the
effect of steric hindrance on the amine can now be studied. This research provides the
first steps in creating a dihydrogen catalyst modeled after the active site of [FeFe]hydrogenase that can efficiently produce hydrogen fuel.
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Experimental Section

General Experimental Section

Reagents
All reagents were received from commercial sources and were used as
received. Reagents were obtained from Alfa Aesar, Sigma-Aldrich, GFS Chemicals,
EMD, Cambridge Isotope Laboratories, and Fisher Scientific (Acros).

Reactions
Nitrogen was obtained from the in-house liquid nitrogen boil-off system
and was not further dried before use. Reactions were sparged using a syringe needle
connected to rubber vacuum tubing where indicated. Standard Schlenk techniques
were used and the volumetric addition of reagents and solvents were carried out using
either plastic or glass syringes unless otherwise noted. Reactions were heated in an oil
bath, cooled in an ice bath (0°C), or cooled in an acetone/dry ice bath (-78°C) where
indicated.

Chromatography
Flash column chromatography was performed using Silicycle SiliaFlash
P60 40-63 μm particles. Silica gel was freshly prepared using the solvents described in
the detailed experimental section. Thin layer chromatography (TLC), using Sigma-
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Aldrich Silica Gel with 60 Å medium pore diameter with fluorescent indicator, was
performed in order to ascertain silica gel mobile phases.

Instrumentation
Nuclear Magnetic Resonance (NMR) analysis was recorded on a Varian
Mercury 400 MHz NMR for both 1H and 13C spectroscopy. All of the NMR spectra were
measured using deuterated chloroform, purchased from Cambridge Isotope
Laboratories, as the NMR solvent. NMR solvent was stored in a desiccator over 8
mesh anhydrous calcium sulfate. All 1H NMR shifts are reported relative to the internal
standard of tetramethylsilane (TMS) (δ 0 ppm). Abbreviations were used to describe
peak multiplicity and they are as follows: s = singlet, d = doublet, t = triplet, q = quartet,
dd =doublet of doublets, ddt = doublet of doublet of triplets, m = multiplet. Infrared
spectra were acquired using Thermo Nicolet iS10 FTIR with a diamond ATR probe.
Products were measured as is (neat) with 64 scans and a resolution of 1 cm-1.

Detailed Experimental Section

FeFe cluster mimic
a) Fe2S2(CO)6 (1)
Into a 500mL Schlenk flask, methanol (35mL), 30% KOHaq (20mL) and a
stir bar were added and the solution was cooled to 0°C and sparged with
N2 for 15 minutes. Iron pentacarbonyl (7.5mL, 56mmol) was added
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dropwise via syringe and the contents were stirred until they became
homogenous. Elemental sulfur (10g) was added to the flask and stirred
for 6 minutes. To this mixture, DI water (80mL), hexanes (200mL), and
ammonium chloride (25g) were added and the solution was stirred for 2
hours under a N2 atmosphere. The product was extracted with hexanes (3
x 150mL) by decanting off the top layer of the solution. The extracts were
filtered through celite, washed with DI water (3 x 100mL), dried over
magnesium sulfate, and then filtered. The organic phase was removed
under reduced pressure and the product was purified through silica gel
with hexanes affording a red oil. (18%); IR (neat, cm-1): 1943 (C=O), 2020
(C=O), 2066 (C=O). 13C NMR (CDCl3): δ 208.29.
b) Attachment of N-Allyl Azadithiolate bridgehead to Fe2S2(CO)6 (2)
Dried THF (30mL) was added to a 100mL Schlenk flask and was heated
to 60°C. The flask was sparged with N2 then allyl amine (0.133mL,
1.769mmol) and formaldehyde (1.32mL, 10 eq) were added. The solution
was magnetically stirred for 15 minutes at 60°C then an addition 45
minutes at room temperature.
In a separate 100mL Schlenk flask, (1) (0.6082g, 1.769mmol) and dried
THF (20mL) were added. The solution was cooled to -73°C and sparged
with N2 for 15 mins. Lithium triethyl borohydride (4.0mL, 2.25 eq) was
added and stirred for 15 minutes producing a green solution.
Triflouroacetic acid (0.56mL, 4.15 eq) was added and the solution was
stirred for an additional 15 minutes producing a red liquid. The flask was
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allowed to return to room temperature and the two Schlenk flasks were
combined. The resulting mixture was stirred for ~20 hours under a N2
atmosphere. The mixture was condensed under reduced pressure and
hexanes (200mL) was added. The product was extracted via sonication
for 2 hours. The solution was then washed with DI water (2x 150mL) and
aqueous sodium bicarbonate (150mL) and the organic phase was dried
over magnesium sulfate. The product filtered then was condensed under
reduced pressure and purified through silica gel (19:1, hexanes: ethyl
acetate) yielding a red oil. (0.489g, 64.8%) 1H NMR (CDCl3): δ 3.18 (d,
2H), 3.33 (s, 4H), 5.14 (m, 2H), 5.64 (ddt, 1H). IR (neat, cm-1): 1642
(C=C), 1949 (C=O), 2028 (C=O), 2071 (C=O), 2925 (C-H), 3072 (C=C-H).
C) Attachment of N-Buten-Azadithiolate bridgehead to Fe2S2(CO)6 (3)
Prepared in the same fashion as (2) using 3-buten-1-amine (0.39mL,
4.075mmol) and (1) (1.4012g, 4.075mmol). (0.6846g, 38%) 1H NMR
(CDCl3): δ 2.06 (m, 2H), 2.75 (t, 2H), 3.53 (s, 4H), 5.02 (m, 2H), 5.65 (ddt,
1H).

13C

NMR (CDCl3): δ 138.10, 125.53, 34.39, 22.60; IR (neat, cm-1):

1641 (C=C), 1959 (C=O), 2025 (C=O), 2070 (C=O), 2925 (C-H), 3081
(C=C-H).
D) Attachment of N-Penten-Azadithiolate bridgehead to Fe2S2(CO)6 (4)
Prepared in the same fashion as (2) using 4-penten-1-amine (0.38mL,
3.56mmol) and (1) (1.2236g, 3.56mmol). (0.5509g, 34%) 1H NMR
(CDCl3): δ 1.39 (p, 2H), 1.96 (q, 2H), 2.66 (t, 2H), 3.52 (s, 4H), 4.99 (m,
2H), 5.73 (m, 1H). 13C NMR (CDCl3): δ 208.01, 137.83, 115.53, 60.62,
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56.75, 53.25, 26.94; IR (neat, cm-1): 1641 (C=C), 1959 (C=O), 2025
(C=O), 2070 (C=O), 2930 (C-H), 3079 (C=C-H).
E) Attachment of N-Hexen-Azadithiolate bridgehead to Fe2S2(CO)6 (5)
Prepared in the same fashion as (2) using 5-hexen-1-amine (0.527mL,
4.165mmol) and (1) (1.4322g, 4.165mmol). (1.1783g, 60%) 1H NMR
(CDCl3): δ 2.05 (q, 2H), 2.64 (t, 2H), 3.49 (s, 4H), 4.96 (m, 2H), 5.75 (ddt,
1H). (Aliphatic peaks obscured by hexanes impurities at ~1.2ppm,
identified with COSY spectrum); 13C NMR (CDCl3): δ 208.03, 138.50,
115.05, 57.42, 53.25, 33.59, 27.29, 26.25; IR (neat, cm -1): 1641 (C=C),
1972 (C=O), 2027 (C=O), 2071 (C=O), 2924 (C-H), 3078 (C=C-H).

4-Penten-1-Amine (8)
a) Hydroboration of terminal alkyne amine
4-pentyl-1-amine (0.87mL, 9.022mmol) was added to a 50mL Schlenk
flask and sparged with N2 for fifteen minutes. The flask was heated to
70°C and 50% Catechol Borane in toluene was added. The solution was
stirred for 2 hours producing a milky white color. The temperature was
increased to 100°C and Glacial acetic acid (4.6mL) was added. This
solution was stirred for 2 hours producing a transparent yellow color. The
Product was extracted with dichloromethane (3 x 15mL) and washed with
water (2 x 15mL) and brine (15mL). The organic layer was condensed
under reduced pressure producing a black solid. This reaction did not yield
the desired product.
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b) Hydroboration of Boc protected terminal alkyne amine
To a 50mL one necked round bottom flask, 4-pentyn-1-amine (1.16mL,
12.0mmol), dried THF (10mL), and triethylamine (2.51mL) were added
and the flask was sparged with N2 for 10mins. Boc anhydride (3.94g) was
dissolved in THF (10mL) and slowly added. The solution was stirred at
room temperature for 3 hours under N2 atmosphere. The product was
extracted with diethyl ether, and then washed with DI water (2 x 20mL),
dried over magnesium sulfate, and filtered. The organic phase was
condensed under reduced pressure producing a pale yellow, oily solution.
The product was purified though a silica gel column (2:1, ethyl acetate:
Hexanes). (6) 1H NMR (CDCl3): δ 1.44 (s, 9H), 1.72 (p, 2H), 1.97 (t, 2H),
2.24 (td, 2H), 3.24 (q, 2H), 4.71 (br. S, 1H).
The boc protected 4-pentynamine was added to a 100mL Schlenk flask
and sparged with N2 for 15 minutes. The flask was heated to 60°C and
50% catechol borane in toluene (3.9mL) was added. The solution was
stirred for 2 hours then the temperature was increased to 100°C. Glacial
acetic acid (6.2mL) was added and the solution was stirred for an
additional 2 hours. The solution was condensed under reduced pressure
yielding a black solid. This reaction did not yield the desired product.

c) Alkylation of Ammonia with 4-Penten-1-ol
To a 100mL Schlenk flask, 4-penten-1-ol (1g, 11.6mmols), triethylamine
(1.94mL), and dry dichloromethane (25mL) were added and sparged with
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N2 for 15 minutes. The solution was cooled to 0°C and MsCl (1.08mL)
was added dropwise. The solution was allowed to return to room
temperature and was stirred for 2 hours. Sodium bicarbonate (50mL) was
added and the product was extracted with dichloromethane (3 x 50mL).
The organic phase was dried over magnesium sulfate, filtered, and
condensed under reduced pressure. The product was purified through
silica gel (1:1, ethyl acetate: Hexanes) yielding the mesylated product (7).
1H

NMR (CDCl3): δ 1.86 (p, 2H), 2.19 (m, 2H), 3.01 (s, 3H), 4.24 (t, 2H),

5.06 (m, 2H), 5.79 (ddt, 1H); 13C NMR (CDCl3): δ 136.80, 116.27, 69.52,
37.55, 29.64, 28.41.
The product was diluted with methanol (25mL) and treated with 30%
ammonia solution (30mL) in a 100mL Schlenk flask and the mixture was
stirred at room temperature for ~18 hours under N2 atmosphere. The
solution was diluted with sodium bicarbonate (20mL) and dry
dichloromethane (20mL) and was extracted with dichloromethane (3 x
20mL). The organic phase was dried over magnesium sulfate and filtered.
The solution was condensed under reduced pressure and purified through
alumina gel (1:1, ethyl acetate: hexanes) yielding a pale yellow oil (8).
(0.5502g, 55%): 1H NMR (CDCl3): δ 1.83 (t, 2H), 2.01 (t, 2H), 2.11 (m,
2H), 2.18 (s, 2H), 5.01 (m, 2H), 5.84 (m, 1H); 13C NMR (CDCl3): δ 138.32,
115.14, 41.39, 31.20, 28.64.
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Dimethyl Azadithiolate FeFe Cluster (9)
Into a 100mL Schlenk flask, THF (30mL) was added and was sparged
with N2 for 5 mins. The flask was heated to 60°C and Acetaldehyde
(6.4mL) and Ammonium Carbonate (2.75g) were added. The solution was
magnetically stirred for 1 hr.
In another 100mL Schlenk flask, THF (20mL) and (1) (1.9693g) were
added and the flask was cooled to -78°C and sparged with N2 for 5mins.
Lithium triethylborohydride (1M in THF, 12.9mL) was added and stirred for
15mins. Triflouroacetic acid (1.8mL) was then added and stirred for an
additional 15mins. The Schlenk flasks were then combined and the
solution was stirred for ~20hrs at RT and under a N2 atmosphere. The
solution was concentrated under reduced pressure then diluted with
hexanes (200mL). The product was extracted through sonication (2hrs).
The solution was then washed with water (2x 150mL) and sodium
bicarbonate (150mL). The organic layer was dried over magnesium
sulfate, vacuum filtered, concentrated under reduced pressure, then
purified through silica gel (95:5, Hexanes: Ethyl Acetate) yielding a red oil
(0.6717g, 28.3%). 1H NMR (CDCl3): δ 1.36 (d, 3H), 1.46 (t, 1H), 3.52 (m,
1H); 13C NMR (CDCl3): δ 208.61, 57.27, 26.76.

Methyl Azadithiolate FeFe Cluster (10)
THF (30mL) was added to a 100mL Schlenk flask then was heated to
60°C and sparged with N2 for 5 mins. Acetaldehyde (1.37mL) and
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ammonium carbonate (2.1230g) were added to the flask and were stirred
for 1 hour. Formaldehyde (37% in H2O, 1.81mL) was then added and the
solution was stirred for an additional hour. In another 100mL Schlenk
flask, THF (30mL) and (1) (1.5217g) were added. The flask was cooled to
-78°C and sparged with N2 for 5mins, then lithium triethylborohydride (1M
in THF, 10.0mL) was added and the solution was stirred for 15mins. Next
triflouroacetic acid (1.41mL) was added and the solution was stirred for an
additional 15mins. The Schlenk flasks were then combined and the
resulting solution was mixed at RT for ~20hr. The solution was then
condensed under reduced pressure and diluted with hexanes (200mL).
The product was then extracted through sonication (2hr). Next the
solution was washed with water (2x150mL) and saturated sodium
bicarbonate (150mL), dried over magnesium sulfate, vacuum filtered,
concentrated under reduced pressure, and purified through silica gel
(95:5, Hexanes: Ethyl Acetate) resulting in a red oil (1.2646g, 71.3%). 1H
NMR (CDCl3): δ 1.36 (d, 2H), 1.51 (s, 1H), 3.46 (t, 2H), 3.92 (dd, 1H); 13C
NMR (CDCl3): δ 207.36, 54.90, 47.54, 20.92; IR (neat, cm-1): 1286 (C-N),
1963 (C=O), 1986 (C=O), 2063 (C=O), 3403 (N-H).

3-Butenal (11)
Into a 250mL Schlenk flask, DMSO (3.75mL) and DCM (80mL) were
added and the flask was cooled to -78°C. Oxalyl Chloride (2.40mL) was
then added and the solution was stirred for 30 mins. A mixture of 3-buten-
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1-ol (2.0mL) and DCM (20mL) was then added to the flask dropwise and
stirred for 25mins. Triethylamine (16.3mL) was then added and the
solution was stirred for an additional 30mins at 0°C. The reaction was
quenched with water (50mL) and stirred for 20mins with the temperature
gradually increasing to RT over that time. The solution was washed with
HCl (1M, 50mL), aqueous sodium bicarbonate (50mL), and brine (50mL).
The organic layer was dried over magnesium sulfate and filtered. The
product was concentrated under reduced pressure in an ice bath then was
purified through distillation. The product was collected from 69-75°C
(crude yield: 1.63g). This product was used in further reactions without
further purification. IR (neat, cm-1): 1642 (C=C), 1725 (C=O), 2719 (O=CH), 2858 (O=C-H).

Allyl Azadithiolate FeFe Cluster
In a 100mL Schlenk flask, THF (30mL) and ammonium carbonate
(2.243g) were added and the flask was heated to 60°C and sparged with
N2 for 5mins. Formaldehyde (0.7mL) was added and the solution was
stirred for 1hr. Next, crude 3-butenal (1.63g) was added and the solution
was stirred for an additional hour. In another Schlenk flask, THF (20mL)
and (1) (1.61g) were added and the flask was cooled to -78°C and
sparged with N2 for 5mins. Lithium triethylborohydride (11.68mL) was
added and the solution was stirred for 15mins. Next, triflouroacetic acid
(1.48mL) was added and the mixture was stirred for an additional 15mins.
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After this, the flask was allowed to return to RT. The two Schlenk flasks
were then combined and allowed to stir at RT for ~20hrs. The solution
was then condensed under reduced pressure then diluted with hexanes
(200mL). The product was extracted through sonication (2hrs) and was
washed with water (2x 150mL) and aqueous sodium bicarbonate (150mL).
The organic layer was dried over magnesium sulfate, filtered, and then
concentrated under reduced pressure. This reaction did not yield the
desired result.

4-Pentenal (13)
Into a 250mL round bottom flask, DMSO (3.1mL) and DCM (80mL) were
added and the flask was cooled to -78°C. Oxalyl Chloride (2.0mL) was
added dropwise and the solution was stirred for 15mins. Next, 4-penten1-ol (2.0mL) was added to the flask and the solution was stirred an
additional 25mins. Triethylamine (13.5mL) was then added. The solution
was stirred and the temperature was allowed to gradually increase to 0°C
over a 3hr period. The reaction was quenched with water (50mL) then the
flask was stirred and the temperature was allowed to increase to RT over
20mins. The solution was washed with HCL (1M, 50mL), aqueous sodium
bicarbonate (50mL), and brine (50mL). The organic layer was dried over
magnesium sulfate, filtered, and concentrated under reduced pressure in
an ice bath yielding a clear liquid (crude yield: 1.1061g, 67.8%). The
product was used in further reactions without further purification. 1H NMR
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(CDCl3): δ 2.37 (q, 2H), 2.52 (t, 2H), 5.01 (m, 2H), 5.80 (ddt, 1H), 9.75 (t,
1H); 13C NMR (CDCl3): δ 201.92, 136.37, 115.63, 42.69, 26.06; IR (neat,
cm-1): 1642 (C=C), 1723 (C=O), 2724 (O=C-H), 2840 (O=C-H), 2923 (CH), 3079 (C=C-H).

Bisbuten Azadithiolate FeFe cluster (14)
In a 100mL Schlenk flask, THF (30mL) and ammonium carbonate
(0.2831g) were added and the flask was heated to 60°C and sparged with
N2 for 5mins. Next, 4-pentenal was added to the flask and the solution
was stirred for 1hr. In another 100mL Schlenk flask, THF (20mL) and (1)
(0.4118g) were added. The flask was cooled to -78°C and sparged with
N2 for 5mins. Lithium triethylborohydride (2.7 mL) was added and the
solution was stirred for 15mins. Next triflouroacetic acid (0.38mL) was
added and the solution was stirred for an additional 15mins. The two
flasks were combined and the resulting mixture was stirred for ~20 hours
at RT. The solution was condensed under reduced pressure then diluted
with hexanes (200mL). The product was extract through sonication (2hrs).
The solution was washed with water (2x 100mL) and brine (100mL). The
organic layer dried over magnesium sulfate, filtered, and concentrated
under reduced pressure. The product was purified through silica gel
(95:5, Hexanes: Ethyl Acetate) yielding a red oil (0.4081g, 69.4%). 1H
NMR (CDCl3): δ 1.78 (m), 2.17 (m, 2H), 3.39 (m, 1H), 5.02 (m, 2H), 5.74
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(ddt, 1H); 13C NMR (CDCl3): δ 208.34, 136.74, 115.84, 61.54, 39.28,
29.78.

Buten Azadithiolate FeFe Cluster (15)
In a 100mL Schlenk flask, THF (30mL) and 4-pentenal (0.6872g) were
added and the flask was sparged with N2 for 5mins and heated to 60°C.
Ammonium carbonate (0.6594g) was then added and the solution was
stirred for 1hr. Next, formaldehyde (0.55mL) was added and the solution
was stirred for an additional hour. In another 100 mL Schlenk flask, THF
(20mL) and (1) (0.4720g) were added and the flask was cooled to -78°C
and sparged with N2 for 5mins. Lithium triethylborohydride (3.4mL) was
then added to the flask and the solution was stirred for 15mins. Next,
trichloroacetic acid (0.44mL) was added and the solution was stirred for an
additional 15mins. The Schlenk flasks were then combined and the
mixture was stirred for ~20 hours at RT. The solution was then
condensed under reduced pressure and diluted with hexanes (200mL).
The product was then extracted through sonication (2hrs). The solution
was then washed with water (2x150mL) and aqueous sodium bicarbonate
(150mL). The organic layer was dried over magnesium sulfate, filtered,
and concentrated under reduced pressure. The product was purified
through silica gel (95:5, Hexanes: Ethyl Acetate) to produce a red oil
(0.2993g, 49.5%). 1H NMR (CDCl3): δ 1.78 (m), 2.18 (m, 2H), 3.34 (s, 1H),
3.46 (t, 2H), 2.93 (m, 1H), 5.02 (m, 2H), 5.73 (ddt, 1H);
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13C

NMR (CDCl3):

δ 208.33, 136.75, 115.84, 67.47, 61.53, 39.27, 29.78; IR (neat, cm -1):
1269 (C-N), 1642 (C=C), 1962 (C=O), 2025 (C=O), 2071 (C=O), 2922 (CH), 3081 (C=C-H), 3358 (N-H).
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